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Background — In animal models, increased signaling through the calcineurin pathway has been shown to be sufficient for 
the development of cardiac hypertrophy. Calcineurin activity has been reported to be elevated, in the myocardium of 
patients with congestive heart failure. In contrast, few data are available about calcineurin activity in patients with 
pressure overload or cardiomyopathic hypertrophy who are not in cardiac failure. 

Methods and Results — We investigated calcineurin activity and protein expression in 2 different forms of cardiac 
hypertrophy: hypertrophic obstructive cardiomyopathy (HOCM) and aortic stenosis (AS). We found that the C-terminus 
of calcineurin A protein containing the autoinhibitory domain was less abundant in myocardial hypertrophy than in 
normal heart, which suggests the possibility of proteolysis. No new splice variants could be detected by reverse- 
transcription polymerase chain reaction. This resulted in a significant elevation of calcineurin enzymatic activity in 
HOCM and AS compared with 6 normal hearts. Increased calcineurin phosphatase activity caused increased migration 
of NF-AT2 (nuclear factor of activated T cells 2) in SDS-PAGE compatible with pronounced NF-AT dephosphorylation 
in hypertrophied myocardial tissue. 

Conclusions — Hypertrophy in HOCM and AS without heart failure is characterized by a significant increase in calcineurin 
activity. This might occur by (partial) proteolysis of the calcineurin A C-terminus containing the autoinhibitory domain. 
Increased calcineurin activity has functional relevance, as shown by altered NF-AT phosphorylation state. Although 
hypertrophy in AS and HOCM may be initiated by different upstream triggers (internal versus external fiber overload), 
in both cases, there is activation of calcineurin, which suggests an involvement of this pathway in the pathogenesis of 
human cardiac hypertrophy. {Circulation. 2002;105:2265-2269.) 
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A novel signaling cascade leading to cardiac hypertrophy 
has recently been identified by protein interaction anal- 
ysis and transgenic mouse technology. 1 In this model, con- 
stitutively activated calcineurin dephosphorylated the nuclear 
transcription factor NFAT (nuclear factor of activated T 
cells), enabling its nuclear translocation and resulting in 
induction of genes typical of cardiac hypertrophy. 

See p 2242 

Two studies have been performed to elucidate the rele- 
vance of this pathway in terminally failing human heart. The 
results were divergent, because one study revealed increased 
calcineurin activity, 2 whereas others found no alteration. 1 
One report could demonstrate differential regulation of the 
calcineurin pathway and other hypertrophic signaling path- 
ways in both compensated and decompensated hypertrophy. 4 
In the present study, we addressed the question of whether 
calcineurin expression and activity are elevated in hypertro- 
phied but nonfailing human myocardium. We investigated 
enzymatic activity and protein expression in cardiac tissue of 



2 well-defined subsets of patients: hypertrophic obstructive 
cardiomyopathy with indication for myotomy/myectomy and 
severe aortic stenosis at the time, of valve replacement. 

Methods 

Patient Population 

Tissue from the left ventricular outflow tract was obtained from 13 
patients undergoing aortic valve replacement for aortic stenosis and 
from 19 unrelated patients with hypertrophic obstructive cardiomy- 
opathy undergoing transaortic subvalvular myotomy-myectomy 3 for 
severe obstruction of the left ventricular outflow tract The clinical 
evaluation consisted of preoperative physical examination. ECG» 
echocardiography, and cardiac catheterization. All patients in this 
study showed normal ejection fractions. Tissue from the interven- 
tricular septum was taken from 6 healthy donor hearts that could not 
be transplanted because of technical reasons. Tissue samples were 
frozen in liquid nitrogen immediately after resection. 

Calcineurin Enzymatic Activity 

Calcineurin enzymatic activity was measured as described else- 
where 0 with minor modifications. The RII-phosphopeptide (Biomol) 
was used as a highly specific substrate for calcineurin. The detection 
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Figure 1. Quantification of calcineurin phosphatase activity. Two 
approaches were applied. (1) Calcineurin activity was calculated 
as total phosphatase activity (TA) minus activity in presence of 
EGTA. (2) Calcineurin activity was determined as phosphate 
released in presence of okadaic acid (OA) minus phosphate 
released in presence of OA plus EGTA. There was no significant 
difference between the 2 approaches (correlation coefficient 
r=0.93). NH indicates normal heart (n=6); AS, aortic stenosis 
(n=13); and HOCM, hypertrophic obstructive cardiomyopathy 
(n=19). *P<0.01; "P<0.001. 

of free phosphate released from RH by calcineurin was based on the 
malachite green dye reaction. Calcineurin enzymatic activity was 
measured by 2 independent methods, as described below. 

Calcineurin requires Ca 2+ for its activity; thus, in a first series of 
experiments. EGTA (20 mmol/L) was added to the assay. Cal- 
cineurin activity was calculated as total (R11-) phosphatase activity 
minus activity in the presence of EGTA. However, the phospho 
group may be cleaved by other compering phosphatases. Thus, a 
second series of experiments was performed. Okadaic acid inhibits 
protein phosphatases I and 2A (PPI. PP2A) but not calcineurin. 
Therefore, calcineurin activity was determined as phosphate released 
from RJI in the presence of okadaic acid minus phosphate released in 
the presence of okadaic acid plus EGTA. 

Reactions were terminated after 30 minutes, and absorption was 
read on u microtiter plate reader at 620 nm. Comparison of the 2 
methods yielded comparable results (Figure I). 

Calcineurin Protein Expression 

Proteins were separated by 8% SDS-PAGE and transferred to 
nitrocellulose membranes. The membranes were incubated with 
monoclonal antibodies directed against the N-terminus (catalytic 
domain) and the C-terminus (autoinhibitory domain). The antibody 
against the N-terminai half (StressGen) recognized both calcineurin 
A (CnA)-d and CnA-j3. The antibodies against the C-terminus (St. 
Cruz) were directed specifically against either the a- or j3-isoform of 
the calcineurin subunit A. Further processing was according to 
standard procedures. 7 Protein was visualized with the ECL detection 
system (Amersham Pharmacia Biotech). Signals were quantified 
with ScanPack (Biornetra). 

Calcineurin Reverse-Transcription Polymerase 
Chain Reaction Analysis 

Total mRNA from 6 patients from each group was isolated by 
single-step RNA isolation with the Trizol reagent (Life Technolo- 
gies). Analysis of calcineurin mRNA levels from normal and 
hypertrophied human myocardium was performed by semiquantita- 
tive I -step reverse-transcription polymerase chain reaction (PCR; 
Qiagen) according to the manufacturer's protocol. Oligonucleotide 
sequences for calcineurin were CTATCCAGCAGTGTGTGA and 
CTGAGGCACAGCAAGTTGC according to published sequences 
(CeneBank accession No. XM 01 1860). 

NF-AT Phosphorylation 

Calcineurin activity was assessed by evaluation of NF-AT phosphor- 
ylation. Proteins were separated by 6% SDS-PAGE and transferred 



to nitrocellulose membranes. The membranes were incubated with 
monoclonal antibodies (St. Cruz) directed against NF-AT2. As 
positive control, crude tissue extracts of normal heart were incubated 
. with human recombinant calcineurin (Biomol). 

Statistical Analysis 

All data are presented as mean ±S EM. Differences among groups 
were compared by ANOVA. Significance was assigned a value of 
P<0.Q5. Correlation coefficient r was calculated by Pearson's test. 

Results 

Calcineurin Activity 

We investigated calcineurin phosphatase activity in 13 pa- 
tients with aortic stenosis and in 19 patients with hypertrophic 
obstructive cardiomyopathy. In patients with aortic stenosis, 
calcineurin activity was increased to 163±11% (P<0.01), 
ranging from 1 1 1 % . to 217% (calcineurin phosphatase activ- 
ity in 6 normal hearts was set as 100%). In cardiomyopathic 
patients, calcineurin activity was elevated to 275 ±13% 
(r°<0.001), ranging from 1 12% to 336% (Figure 1). 

Calcineurin Protein Expression 
Western blot analysis was performed to investigate cal- 
cineurin protein expression (Figure 2). When an antibody 
specific for the N-terminal part (catalytic domain) was used, 
signals of CnA protein expression were increased in hyper- 
trophied myocardium compared with normal heart. In aortic 
stenosis, CnA protein level was increased to 151 ±27% 
(range 1 1 1% to 223%; P<0.05). In hypertrophic obstructive 
cardiomyopathy, CnA protein expression was increased to 
178±38% (range 113% to 278%; P<0.01 ; Figure 3A). 

When an antibody specific for the C-terminus (autoinhib- 
itory domain) was used, signals were decreased compared 
with normal heart. In aortic stenosis, CnA-a protein level was 
decreased to 60±8% (range 47% to 69%; /><0.0I). CnA-j3 
protein was decreased to 68±10% (range 43% to 86%; 
P<0.01) compared with normal heart (100%). In hypertro- 
phic obstructive cardiomyopathy, CnA-a was decreased to 
53±7% (range 17% to 63%; /><0.01) and CnA-(3 to 
50±l 1% (range 22% to 59%; P<0.01) of the concentration 
in normal heart (Figure 3B). 

Calcineurin mRNA Levels 

Reverse-transcription PCR from CnA was performed to 
investigate whether splice variants exist in addition to 
full-length cDNA in normal and hypertrophied myocardi- 
um. Oligonucleotides were selected to include the junction 
region of the N- and the C-terminus. We found complete 
calcineurin mRNA that included the 3'-region coding for 
the C-terminus in all patient groups, which indicates that 
degradation of the CnA C-terminus is a posttranslational 
process (Figure 4). 

NF-AT Phosphorylation 

Activated calcineurin directly binds to NF-AT transcription 
factors, resulting in NF-AT dephosphorylation and transloca- 
tion to the nucleus. Therefore, altered NF-AT phosphoryla- 
tion states reflect increased calcineurin enzymatic activity. 
Migration velocity of NF-AT2 from hypertrophied myocar- 
dial tissue (hypertrophic obstructive cardiomyopathy and 
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Figure 2. Representative expression of cal- 
cineurin in different subsets of cardiac hyper- 
trophy. Lanes 1 and 2, normal heart (NH); 
lanes 3 and 4, aortic stenosis (AS); lanes 5 
and 6, hypertrophic obstructive cardiomyopa- 
thy (HOCM). For immunodetection, 20 fig of 
total protein was used in each lane. A, Cal- 
cineurin was probed with antibody specific for 
N-terminal half of CnA. Antibody was not iso- 
form specific. However, in AS and HOCM, 2 
bands were detectable with this antibody, 
which indicates potential partial proteolysis of 
C-terminus. Antibodies recognizing 
C-terminus of -(B) CnA-a or (C) CnA-0 were 
used to investigate potential proteolysis of 
C-terminus. Loading control (D) was per- 
formed with actin. 
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aortic stenosis) was increased compared with normal heart 
and identical to the NF-AT2 migration velocity of normal 
heart extracts treated with additional external calcineurin. 
This suggests an altered NF-AT phosphorylation state in 
hypertrophied- myocardium (Figure 5). 
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Figure 3. A, CnA protein expression in human hypertrophic 
myocardium. When antibody for N-terminus, immunoreactive 
with CnA-a and -0, was used, there was clear increase in cal- 
cineurin expression in hypertrophied myocardium. *P<0.05; 
**P<0.01. 8, CnA protein expression in human hypertrophic 
myocardium. Antibodies for C-terminus of CnA (a and fi) 
revealed decrease compared with normal heart. **P<0.01 . 



Discussion 

In the compensated phase of human myocardial hypertrophy, 
we found a reduction of the CnA C-terminus (containing the 
autoinhibitory domain) compatible with partial proteolysis 
and increased calcineurin enzymatic activity compared with 
normal hearts. This amounted to a 2.8- fold increase in 
calcineurin activity in the myocardium of patients with 
hypertrophic obstructive cardiomyopathy. In aortic stenosis, 
there was a 1.6-fold increase in calcineurin activity. 

A major obstacle in the elucidation of the pathogenesis of 
human cardiac hypertrophy is the heterogeneity of its causes: 
physiological (eg, in athletes) versus pathological hypertro- 
phy with its many variations, eg, in hypertension, aortic 
stenosis, and hypertrophic cardiomyopathy. To reduce some 
of this variability, we chose to focus on 2 well-defined and 
relatively homogeneous forms of hypertrophy: hypertrophic 
obstructive cardiomyopathy and aortic stenosis before the 
onset of heart failure. 

A number of recent studies investigated calcineurin activ- 
ity in different animal models of cardiac hypertrophy. , ft - it - 1 1 It 
was shown that calcineurin activity was increased in several 
animal lines with transgenic overexpression of mutated sar- 
comeric proteins and in some animal models with external 
overload. However, 2 groups 12 * 13 found no changes in cal- 
cineurin activity, and another group 14 reported decreased 
calcineurin activity. The disparate results might have been 
caused by differences in the experimental protocols (eg, in the 
antibodies used; see our results) or might have reflected truly 
distinct roles of calcineurin in the pathogenesis of these 
disease models. 

In the human heart calcineurin phosphatase activity under 
conditions of increased workload has been discussed contro- 
versially. Two studies investigated activation of the cal- 
cineurin pathway in terminally failing hearts. One group 
observed an increase in calcineurin activity- using a cal- 
cineurin immunoprecipitation assay. Another group reported 
a decrease in calcineurin protein expression-' with an antibody 
specific for the CnA C-terminus. 
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Figure 4. Representative example of CnA-/3 tran- 
scripts. Reverse-transcription PCR was performed . 
to investigate calcineurin mRNA. Resulting PCR 
products were separated in 1 % agarose gel and 
stained with ethidium bromide. !n each patient 
group, ie, hypertrophic cardiomyopathy (HOCM), 
aortic stenosis (AS), and normal heart (NH), intact 
calcineurin mRNA was demonstrated that spanned 
the catalytic domain and the autoinhibitory domain. 
No splice variants were, detectable. Control PCR 
was performed with GAPDH. 



In addition to the calcineurin pathway, there are other 
signaling cascades involved in the development and mainte- 
nance of myocardial hypertrophy and in the transition from 
hypertrophy to failure. The mitogen-activated protein kinases 
and the protein kinase Akt were found to be elevated in heart 
failure but not in cardiac hypertrophy. In contrast calcineurin 
was activated both in hypertrophy and failure/ This was 
accompanied by an increase in full-length calcineurin protein 
expression. No degradation of the C-terminus was described. 
However, the above-mentioned studies were performed on 
patients with hypertensive, ischemic, or dilated 
cardiomyopathy. 

In contrast, in patients with myocardial hypertrophy but 
with compensated ventricular function caused by aortic ste- 
nosis or hypertrophic obstructive cardiomyopathy, we here 
report results compatible with the hypothesis of cleavage of 
the C-terminus of calcineurin A, which contains an autoin- 
hibitory domain. This is accompanied by an increase in 
calcineurin phosphatase activity. Our results are in line with 
2 recent studies on rat myocardium that describe increased 
calcineurin activity in physiological hypertrophy' " and at the, 
beginning of pressure-overload hypertrophy, 6 although nei- 
ther group was investigating proteolysis of calcineurin in 
these animals. 

Calcineurin is a heterodimer of a 59-kDa subunit, CnA, 
and a I9-kDa subunit, CnB. This subunit is tightly bound to 
CnA. CnA consists of a catalytic arid a regulatory domain. 
The regulatory domain contains the CnB binding domain, the 
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Figure 5. Representative Western blot demonstrating different 
NF-AT2 phosphorylation states in different myocardial tissues. 
Lane 1, aortic stenosis (AS); lane 2, hypertrophic cardiomyopa- 
thy (HOCM); lane 3, normal heart (NH); lane 4, NH with human 
recombinant calcineurin. NF-AT2 from hypertrophied myocardial 
tissue is supposed to be dephosphorylated, resulting in 
increased migration velocity on 6% SDS gel. Addition of abun- 
dant calcineurin to normal heart extracts also dephosphorylates 
NF-AT2. 



calmodulin binding domain, and an autoinhibitory domain at 
the C-terminus (reviewed in Klee et al 1 - 5 ). Ca 2+ binding to 
CnB enables calmodulin binding to CnA, which results in 
displacement of the autoinhibitory domain from the catalytic 
subunit. thus activating the enzyme. 15 The catalytic domain is 
resistant to proteolysis, 16 whereas the regulatory domain at 
the C-terminus containing the autoinhibitory domain is sen- 
sitive to proteolysis. 1617 

In the study presented here, an antibody specific for the 
N-terminal half of CnA detected 2 bands with different 
molecular weight in hypertrophied myocardium but not in 
. normal heart, which indicates partial degradation of CnA, 
possibly on the C-terminus. This is substantiated by the fact 
that in normal heart, there is a stronger signal for the CnA 
C-terminus in Western blots than in hypertrophied myocar- 
dium. Recent evidence suggests that in ischemia-reperfusion 
injury, calcium overload may activate calpains, resulting in 
selective proteolysis of myofibrils. 18 Increased intracellular 
calcium in myocardial hypertrophy may act in a related 
manner and therefore may lead to proteolysis of cytosolic 
proteins. Indeed, proteolysis of calcineurin by calpain I 
increased phosphatase activity dramatically. 19 

A problem pertinent to all studies in human cardiac tissue 
is whether maximal calcineurin activity measured in tissue 
homogenates faithfully reflects in vivo activity. At present, 
this cannot be answered directly, but our indirect measure- 
ments of calcineurin activation such as NF-AT phosphoryla- 
tion status may be a first clue to altered NF-AT phosphory- 
lation status in vivo. NF-AT enters the nucleus when 
calcineurin dephosphorylates critical serines in the 
N-terminus of NF-AT.- 0 It has been shown that NF-AT is 
dephosphorylated on 13 residues on stimulation. 21 We found 
increased electrophoretic mobility of NF-AT2 in hypertro- 
phied myocardial tissue, which indicates pronounced dephos- 
phorylation of NF-AT2 in hypertrophied myocardium com- 
pared with normal heart. These findings are compatible with, 
the concept that increased calcineurin activity is indeed 
relevant in myocardial hypertrophy. 

Moreover, calcineurin binding proteins have recently been 
discovered that inhibit calcineurin phosphatase activity (over- 
view in Leinwand 22 ). These proteins, especially myocyte- 
enriched calcineurin-interacting protein- 1,- 1 may alter cal- 
cineurin signaling in the myocardium of different disease 
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groups. It will be interesting to measure expression of these 
proteins once antibodies have become generally available. 

To the best of our knowledge, this is the first study 
investigating calcineurin in the following subsets of patients 
with cardiac hypertrophy: hypertrophic obstructive cardiomy- 
opathy and severe aortic stenosis. In view of the relative rarity 
of these patients (particularly hypertrophic obstructive car- 
diomyopathy with indication for operation), the numbers are 
large. Of note, large pieces of tissue were used for measure- 
ments as opposed to percutaneous biopsy samples with the 
inherent problem of tissue heterogeneity (fibrosis). These 2 
factors may also explain the relatively low variability of our 
results compared with other studies in human tissue. 

In summary, our results are compatible with an activation 
of the calcineurin pathway in these 2 subsets of human 
cardiac hypertrophy and strengthen the concept that cal- 
cineurin is involved in the pathogenesis of human cardiac 
hypertrophy. 
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